Background: Multimorbidity is common among older adults and strongly associated with physical functioning decline and increased mortality. However, the full spectrum of direct and indirect effects of multimorbidity on physical functioning and survival has not been quantified. We aimed to determine the longitudinal relationship of multimorbidity on physical functioning and quantify the impact of multimorbidity and multimorbidity-attributed changes in physical functioning on mortality risk. Methods: The Health and Retirement Study (HRS) is a nationally representative population-based prospective cohort of adults aged 51 or older. In 2000, participants were interviewed about physician-diagnosed chronic conditions, from which their multimorbidity-weighted index (MWI) was computed. Between 2000 and 2011, participants reported their current physical functioning using a modified Short Form-36. With MWI as a time-varying exposure, we jointly modeled its associations with physical functioning and survival. Results: The final sample included 74,037 observations from 18,174 participants. At baseline, participants had a weighted mean MWI of 4.6 ± 4.2 (range 0-36.8). During follow-up, physical functioning declined: −1.72 (95% confidence interval [CI] −1.77, −1.67, p < .001) HRS physical functioning units per point MWI in adjusted models. Over follow-up, 6,362 (34%) participants died. Mortality risk increased 8% (hazard ratio 1.08, 95% CI 1.07-1.08, p < .001) per point MWI in adjusted models. Across all population subgroups, MWI was associated with greater physical functioning decline and mortality risk. Conclusions: Multimorbidity and its associated decline in physical functioning were significantly associated with increased mortality. These associations can be predicted with an easily interpreted and applied multimorbidity index that can better identify and target adults at increased risk for disability and death.
Introduction
Multimorbidity is common in older adults (1) and has profound consequences for patients, families, and health care systems. Adults with multimorbidity experience declines in physical functioning, decreased health-related quality of life, and increased disability and mortality risk (2, 3) . Multimorbidity is commonly measured using simple disease counts or traditional comorbidity indices that weight diseases by mortality risk in hospitalized patients (4, 5) . However, physical functioning, a universally valued outcome, is increasingly being recognized by health care systems and payers as a key measure of healthcare quality and value.
Top research priorities for older adults with multimorbidity include health-related quality of life; tools to capture function, quality of life, and symptom burden; and disability (6) . To help address these priorities, a better understanding of the relationship between multimorbidity and current and future physical functioning is needed. Physical functioning is strongly associated with mortality (7) (8) (9) , but less is known about how it may act as a mediator between multimorbidity and mortality. We postulate that the full impact of multimorbidity includes the concomitant processes of multimorbidity accumulation and functional decline.
Multimorbidity is strongly associated with physical functioning, mobility limitations, and mortality (2, (10) (11) (12) , where more conditions and greater disease severity predict worse outcomes (12) . Such associations have typically been examined separately (2, 10, 11) . However, multimorbidity and physical functioning are dynamic and change over time. On average, multimorbidity increases while physical functioning declines with aging. Failure to account for the impact of multimorbidity-related deficits in physical functioning on mortality could underestimate the true impact of multimorbidity on mortality. The dynamic nature of this association has not been assessed in previous studies using a mediation framework (13) with repeated measurements of both constructs.
Thus, we sought to disentangle the pathway between multimorbidity and mortality by examining physical functioning as a mediator of this association. First, we determined the longitudinal effects of multimorbidity and other predictors on physical functioning using a newly developed and validated multimorbidity-weighted index (MWI) for community-dwelling adults with chronic conditions (3, 14) . Next, we quantified the impact of these multimorbidity-attributed changes in physical functioning on mortality risk. We employed a joint modeling approach and compared results with classic separate and two-stage methods. Finally, we used joint modeling to examine multimorbidity with long-term physical functioning and mortality within participant subgroups. We hypothesized that multimorbidity would have direct and indirect effects on mortality through its longitudinal impact on physical functioning.
Methods

Study Population
The Health and Retirement Study (HRS) is an ongoing populationbased prospective cohort study of more than 38,000 U.S. adults aged 51 and older followed since 1992. Biennially, participants complete questionnaires on physician-diagnosed medical conditions, functional status, health behaviors, living situation, household income, employment, and health insurance status, described previously (15) .
Beginning in the 2000 cohort wave (interview field date February 2000-January 2001) and biennially until the 2010 cohort wave (interview field date February 2010-November 2011), participants were interviewed about physician-diagnosed chronic conditions, from which their MWI was computed. Participants also reported their physical functioning using a modified Short Form (SF)-36 physical functioning scale (range 0-100). We identified 18,612 participants in the 2000 interview. Of these eligible respondents, 194 (1.0%) were missing covariates of interest and 244 (1.3%) had no follow-up observations and were thus excluded. We conducted a sensitivity analysis of included and excluded participants. The final descriptive and multivariate analyses were based on a sample of 18,174 participants who were nationally representative of more than 64.3 million U.S. adults aged 52 years and older in 2000.
Multimorbidity Assessment
We measured multimorbidity using a newly developed and validated MWI described previously (3, 14) . Briefly, chronic conditions were weighted by their cross-sectional association with the SF-36 physical functioning scale and then summed to form each individual's MWI at baseline and each biennial wave (Supplementary Appendix 1). A major strength of MWI is its easy, two-fold clinical interpretation: each one-point increase in MWI represents a one-point decrease in the SF-36 physical functioning scale as well as an individual's present overall burden of chronic diseases. To place these results in context, the effect of one point in current MWI on 4-to 8-year physical functioning was approximately equal to 3-4 additional years of age (2) .
For the present analysis, we applied our previously established MWI weights (Supplementary Table 1 ) to conditions reported biennially between 2000 and 2011 to create a baseline and cumulative updated MWI for each participant. Conditions in the MWI for this study included self-reported physician-diagnosed conditions assessed in the HRS including dementia, stroke, chronic lung disease, hypertension, angina, myocardial infarction, congestive heart failure, arrhythmia, other heart condition, diabetes, cancer excluding skin cancer, arthritis, knee replacement, hip replacement, connective tissue disease, and glaucoma. MWI was assessed as a discrete time-varying covariate in models predicting physical functioning and mortality.
Physical Functioning Assessment
A physical functioning scale resembling the SF-36 10-item physical functioning scale (16) was constructed in the HRS using methods described previously (3) . Briefly, we used nine physical functioning items equivalent to the SF-36 physical functioning scale and imputed the 10th item "walking more than a mile" that was intermediate between two questions assessed in the HRS, "walking several blocks" and "running/jogging about a mile." The final 10 physical functioning items included vigorous activities such as running, moderate activities such as pushing large objects, lifting or carrying over 10 pounds, climbing several flights of stairs, climbing one flight of stairs, kneeling or stooping, walking more than a mile, walking several blocks, walking one block, and bathing or dressing oneself. For the HRS physical functioning measure to be comparable to the SF-36, we weighted items according to the SF-36 physical functioning equivalents, rescaled, and standardized the score according to the SF-36 protocol (16) . The final HRS physical functioning scale was based on 10 items and ranged from 0 to 100, where 100 represents no difficulty performing any physical functioning item and 0 represents difficulty with all items.
We examined long-term physical functioning every 2 years between 2000 and 2011. Given the hypothesized correlation between the MWI (which weights diseases by concurrent physical functioning) and trajectory function of physical functioning as a mediator of the association between the MWI and mortality, we assessed for potential multicollinearity by computing the variance inflation factor in the regression models (17) .
Mortality Assessment
At the end of each biennial wave, reported deaths were recorded and attempts were made to contact next-of-kin for post-mortem interviews. The National Death Index was also searched for death information, including cause of death. Linkage to the National Death Index was complete through the end of 2011. Individuals lost to follow-up and who survived beyond 2011 were censored based on the last date of known contact. Loss to follow-up was minimal due to comprehensive tracking interviews with next-of-kin and National Death Index (97% deaths) data (18) .
Covariate Assessment
We assessed the distribution of baseline continuous and categorical variables through the mean, SD, and proportions. Baseline covariates included age (continuous), sex, race/ethnicity (white, black, Hispanic, other), body mass index (BMI <18.5, 18.5-24.9, 25-30, ≥30 kg/m 2 ), smoking status (never, past, current), education (<12, 12, 13-15, ≥16 years), household net worth (quartiles), and marital/ living status (married or living with a domestic partner, unmarried and living with someone other than a domestic partner such as a child or parent, and unmarried and living alone). For participants missing one or more values for BMI (N = 70), we used mean imputation for the missing observations. Participants missing smoking status (N = 121) and race/ethnicity (N = 3) were of similar age but more likely to be male, Hispanic, and overweight or obese. There were no significant differences by MWI or physical functioning at baseline (Supplementary Table 2) , and as such, we excluded these participants.
Statistical Analysis
We used joint modeling to simultaneously model the association between multimorbidity with physical functioning and survival (19) . Basic joint model components included 1) the longitudinal association between MWI and other predictors on physical functioning using linear mixed effects with random intercept and slope, and 2) the Weibull model for survival (20) . In the causal diagram ( Figure 1 ) and Supplementary Appendix 2, the direct effect of MWI (adjusted for baseline covariates) on survival is denoted as α. The direct effect of MWI and covariates on the longitudinal trajectory of physical functioning is denoted as β. The impact of multimorbidityrelated changes in physical functioning on survival is denoted as γ. γ is the indirect effect of predictors of the longitudinal physical functioning trajectory on survival, whereby physical functioning serves as a mediator of the multimorbidity-mortality association. With joint modeling, we determined the direct (α), indirect (γ), and overall effect (βγ + α) of MWI and covariates on survival (21) . We presented the association between MWI and covariates on physical functioning as regression coefficients and overall effect of MWI on survival as hazard ratios (HRs), all with 95% confidence intervals (CIs).
We also used joint modeling to examine the simultaneous association between multimorbidity, physical functioning, and mortality for population subgroups. We again examined MWI as a continuous, time-varying covariate adjusted for baseline covariates and presented the regression coefficient for physical functioning and HR for mortality (with 95% CIs) for each point increase in MWI.
To assess the robustness and efficiency of the joint modeling, we compared results obtained from 1) separate longitudinal and survival methods and 2) two-stage modeling, and compared these results with those obtained from joint modeling. First, we performed classical linear mixed-effects models to determine the association between MWI and physical functioning after adjusting for covariates, using a random intercept and slope. Similarly, we examined the Weibull regression model (20) (and confirmed results with the Cox proportional hazards model (22) to determine the association between MWI with mortality. Second, we compared results obtained from two-stage modeling. In the two-stage modeling, we added predicted physical functioning obtained from the linear mixed-effects model (stage one) as a covariate in the multimorbidity and survival association using the Weibull model (stage two). For all comparison models and the joint model, MWI was a continuous time-varying covariate adjusted for baseline covariates. Finally, we used the Kaplan-Meier estimator to determine survival estimates across MWI quartiles at baseline. All hypothesis tests were two-sided and conducted using STATA, version 14.0 (StataCorp, College Station, TX, 2015).
Results
Participant Characteristics
In 2000, 18,612 participants completed a questionnaire on physical functioning and self-reported physician-diagnosed chronic conditions, from which their MWI was computed. The final sample included 18,174 participants who contributed a mean of 4.1 (SD 1.4) observations during follow-up. Participants had a mean MWI of 4.6 (SD 4.4) ( Table 1) . Over follow-up, there were 6,351 (34%) deaths.
Joint Modeling of Multimorbidity, Physical functioning, and Mortality
Multimorbidity had both direct and indirect effects, through physical functioning, on mortality. The direct effect of multimorbidity on survival (α) was a 3% increased risk of mortality per point increase in MWI in the adjusted model (HR 1.03; 95% CI 1.03, 1.04, p < .001). There was no evidence of multicollinearity between the MWI and trajectory function of physical functioning association (variance inflation factor of 1.9 in unadjusted models; variation inflation factor of 1.4 in adjusted models).
Multimorbidity also had a significant indirect effect on mortality through its association with long-term physical functioning. Each point increase in MWI was associated with a 2-point decline in longterm physical functioning in the unadjusted model (β = −2.02, 95% CI −2.07, −1.97, p < .001) with some attenuation in the adjusted model (β = −1.72, 95% CI −1.77, −1.67, p < .001) ( Table 2 ). To place these results in context, each point increase in current MWI was associated with a 10-year physical functioning decline approximately Figure 1 . Causal diagram for joint modeling of multimorbidity on longterm physical functioning and mortality. α, direct effect of multimorbidity (adjusted for covariates) on survival. β, direct effect of multimorbidity (adjusted for covariates) on long-term physical functioning, also referred to as the 'trajectory function of physical functioning'. The trajectory function of physical functioning may be considered as a mediator of the association between multimorbidity and survival. γ, indirect effect of association between predictors (multimorbidity and covariates) and long-term physical functioning trajectory model on survival adjusted for predictors (multimorbidity and covariates). A value of γ = 0 implies the trajectory function of physical functioning has no significant effect on survival and thus there is no improvement of using joint modeling over separate survival analysis. A value of γ <0 implies that the hazard ratio decreases and that better physical functioning is protective for survival. The overall (direct and indirect) effect of multimorbidity on survival is denoted as βγ + α. equal to aging by 2.5 years (assuming no additional increase in MWI or change in covariates over that time). A better physical functioning trajectory was associated with decreased mortality risk after adjusting for other covariates: the indirect effect of physical functioning on mortality was γ = −0.03 (95% CI −0.03, −0.02, p < .001). Thus, the overall association of multimorbidity with mortality, accounting for direct and indirect effects, was a 10% higher mortality risk per point increase in MWI (HR 1.10, 95% CI 1.09, 1.10, p < .001), with attenuation to 8% in the adjusted model (HR 1.08, 95% CI 1.07, 1.08, p < .001) ( Table 3) .
We also examined the effect of other covariates on physical functioning and mortality using joint modeling. Women had on average nearly a 10-point lower physical functioning score than men (β = −9.67, 95% CI −10.35, −8.98, p < .001) ( Table 2 ) but also a 37% lower mortality risk (Table 3) . Underweight and obese adults also had a 10-point lower physical functioning score compared with adults with a normal BMI ( Table 2) . Underweight (likely a proxy for poor health) was associated with increased mortality risk, while overweight and obesity were not (Table 3) . Older age, smoking (past and current), and being unmarried were associated with significantly worse physical functioning (Table 2 ) and greater mortality risk (Table 3 ). In contrast, higher education and household net worth were associated with a monotonic increase in physical functioning (Table 2 ) and decrease in mortality risk (Table 3) .
Results obtained from subgroup analyses of participant characteristics for the joint multimorbidity, physical functioning, and mortality associations did not differ greatly from those obtained from the overall cohort. Physical functioning declined with increasing MWI for all subgroups of participants (all p < .001) (Supplementary Table 3 ). Participants in all subgroups had more than a 1-point decrease in physical functioning for each point increase in MWI. Results were nearly identical to those obtained for the overall cohort in Table 2 . Similarly, mortality risk increased with greater MWI for participants in all subgroups (all p < .001) (Supplementary Table 4 ). Each point increase in MWI was associated with a 7%-10% increased mortality risk that was similar to the 8% increased mortality risk observed for the overall cohort (Table 2) . Note: CI = confidence interval. 
Multimorbidity and Physical Functioning: Comparison With Classic Linear Mixed-Effects Models
Multimorbidity was significantly associated with long-term physical functioning using separate linear mixed-effects models. Each point increase in MWI was associated with a 1.70-point decline in future long-term physical functioning (β = −1.70, 95% CI −1.74, −1.65, p < .001) in the adjusted model (Supplementary Table 5 ).
Multimorbidity and Mortality: Comparison With Classic Survival Analysis and Two-Stage Modeling
Classic Weibull hazard regression demonstrated that for each point increase in MWI, the hazard of mortality was 1.04 (95% CI 1.04, 1.05, p < .001) in the adjusted model. The Cox proportional hazard model estimate and error were identical to those obtained using the Weibull model. For increasing MWI quartiles at baseline, there was a dose-response relationship with hazard rates of mortality, as shown in the Kaplan-Meier survival curve (Figure 2 ). We next compared the HR of mortality obtained from two-stage modeling using the physical functioning result obtained from classic linear mixed-effects model and including it as a covariate in the classic survival model. The Weibull hazard regression with the twostage approach demonstrated that for every point increase in MWI, the hazard of mortality was 1.04 (95% CI 1.03, 1.04, p < .001) in the adjusted model (Supplementary Table 5 ).
Discussion
In this prospective cohort nationally representative of more than 64.3 million U.S. adults in 2000, a multimorbidity index weighted to current Short-Form-36 physical functioning was strongly associated with long-term physical functioning decline and increased mortality risk over up to 12 years of follow-up using a robust joint modeling approach. For a participant with the average age of 67 years and average MWI of 4.6, the effect of total current MWI on 10-year physical functioning decline was approximately equal to an additional 11.5 years of aging in this participant. Both multimorbidity and multimorbidity-attributed physical functioning decline over time were associated with increased risk of mortality for all participant subgroups. The associations for multimorbidity and physical decline and mortality from joint modeling were greater and more efficient than those obtained from separate longitudinal and survival analysis and two-stage modeling.
Several baseline characteristics were associated with both decreased physical functioning and increased mortality during follow-up. These included multimorbidity, age, underweight, smoking (current and former), and being unmarried or not living with a domestic partner. Women and obese adults had greater physical functioning decline but lower mortality compared with men and adults with normal BMI, respectively. Higher education and household net worth were associated with better physical functioning and decreased mortality risk, with a monotonic gradient with increasing years of education and quartiles of net worth. Finally, better physical functioning at baseline was also associated with decreased mortality.
Prior studies have demonstrated associations between multimorbidity, functional decline, mobility limitations, disability, and mortality using separate linear regression, mixed models, or survival but not a joint modeling approach. In a cross-sectional analysis of women aged 80 years and greater in the Women's Health Initiative, Note: CI = confidence interval; HR = hazard ratio. multimorbidity, using a count definition of 2 to 12 chronic conditions that included overweight or obesity, was associated with lower SF-36 physical functioning (23) . Studies with nationally representative samples have examined risk factors for physical functioning decline in adults with multimorbidity. A longitudinal study in the HRS that treated chronic diseases as time-varying variables reported that women, older adults, and adults with low education and financial wealth had greater difficulty performing 10 physical functioning items (24) . Women also reported greater limitations with basic and instrumental activities of daily living than men, regardless of multimorbidity status, in the cross-sectional National Health and Nutrition Examination Survey (24) . In longitudinal analyses of the Nurses' Health Study and Health Professionals Follow-up Study, baseline multimorbidity using MWI was associated with a persistent decline in SF-36 physical functioning after 4 and 8 years of follow-up, with a greater decline reported in women (2) . While greater functional decline is a risk factor for mortality, it may not necessarily be on the direct causal pathway to mortality. Further, there may be a survival bias where women survive longer but acquire more diseases and concomitant functional decline. The present study adjusted for age and calendar time but this does not eliminate potential survival bias.
A major strength of this study was the use of joint modeling of physical functioning and survival models to assess these simultaneous associations with multimorbidity. Joint modeling provided more accurate results for examining longitudinal and simultaneous outcomes and had several advantages over classic methods. The main advantage was the ability to investigate the dynamic association between multimorbidity and time-varying covariates on longitudinal physical functioning decline, as well as the simultaneous impact of these multimorbidity-related changes in physical functioning on survival, with greater accuracy than independent models. When an exposure is also associated with survival, joint modeling produces larger and unbiased associations between the exposure and longitudinal outcome. Concomitantly, if the association between the exposure and longitudinal outcome were ignored, this could result in a flawed estimate of the exposure on survival. Compared with independent and two-stage modeling approaches, joint modeling produced larger estimates and comparable SEs (21) .
Our study has several potential limitations. First, multimorbidity may be underestimated. Mental and cognitive conditions including depression and mild cognitive impairment were not assessed in the binary self-reported physician-diagnosed conditions and thus not included in this analysis. Geriatric syndromes such as urinary incontinence and fall risk were also not captured. MWI was ultimately confined to the inventory of chronic conditions assessed in the HRS. Despite this, the conditions assessed were prevalent, encompassed several organ systems, and included several conditions commonly assessed in other national surveys. Further, we have demonstrated that a MWI weighted to current physical functioning even predicts subsequent mental health-related quality of life, providing reassurance that an index weighted in this manner captures both mental and physical health domains of illness (25) . Second, some participants lacked follow-up data. However, this was a small portion of our sample. We were able to include participants missing partial covariate data through imputation and thus retain all available observations from these individuals. Finally, this HRS sample is limited to adults aged 52 years and older and thus results are not yet generalizable to younger adults, although they are the least likely to have multimorbidity.
This study demonstrates that the full impact of multimorbidity encompasses concomitant processes of physical functioning decline and increased mortality risk as diseases accumulate over time. This underscores the importance of capturing multimorbidity and physical functioning measures early in the clinical setting, when it is critical to intervene in patients to slow disease accumulation and preserve function. While mortality is an important outcome, physical functioning and health-related quality of life are universally valued among disease survivors. Multimorbidity was associated with worse physical functioning and mortality risk across all subgroups of participants, and physical functioning acted as a mediator of the multimorbidity and mortality association. While some participants such as women had greater survival, they also reported the greatest physical functioning decline. Thus, efforts to improve survival should also consider the impact on functioning and risk for disability. The burden of multimorbidity is profound, and interventions are urgently needed to reduce its progression and impact on physical functioning decline and mortality.
